Facultative bipedalism during load transport in nonhuman primates has been argued to be an important behavior potentially leading to the evolution of obligate, extended limb bipedalism. Understanding the biomechanics of such behavior may lead to insights about associated morphology, which may translate to interpretation of features in the fossil record. Some populations of bearded capuchin monkeys (Sapajus libidinosus) spontaneously carry heavy loads bipedally during foraging activities. This study provides the first data on all three components of ground reaction force for spontaneous bipedalism during load carriage in a nonhuman primate. Five individual S. libidinosus (mean body mass ¼ 2.4 kg ± 0.96) were videorecorded during bipedalism while carrying a stone (0.93 kg) under natural conditions. A force plate was embedded in the path of the monkeys. Spatiotemporal and force data for all three components of the ground reaction force were recorded for 28 steps. Capuchins exhibited a mean vertical peak force per total weight (Vpk) for the hindlimb of 1.19 (sd ¼ 0.13), consistent with those of unloaded capuchins in the laboratory and for other bipedal primates, including humans. Vertical force records suggest that capuchins, along with most nonhuman primates, maintain a relatively compliant leg during both unloaded and loaded locomotion. Like all other primates, loaded capuchins maintained laterally (outward) directed medio-lateral forces, presumably to stabilize side-to-side movements of the center of mass. Mediolateral forces suggest that at near-running speeds dynamic stability diminishes the need to generate high lateral forces. Vertical force traces exhibited a measurable impact spike at foot contact in 85% of the steps recorded. An impact spike is common in human walking and running but has not been reported in other bipedal primates. This spike in humans is thought to lead to bone and cartilage damage. The earliest biped may have experienced similar impact spikes during bipedal locomotion, requiring compensatory behaviors or anatomical features.
Introduction
The evolution of obligate bipedalism is seen as a hallmark of human evolution and a defining characteristic of hominins. Although the specific selective pressure or pressures that drove the evolution of upright walking remain unknown, many researchers over the past hundred years have evoked load carriage as an important factor in the origin and improvement of bipedalism (Hewes, 1961; Videan and McGrew, 2002; Preuschoft, 2004; WallScheffler et al., 2007; Watson et al., 2008 Watson et al., , 2009 Watson et al., , 2011 Carvalho et al., 2013) . Even if load carriage was not a primary selective factor in the commitment to bipedal locomotion, it is widely seen as a reason that primates might have initially used bipedal stances with regularity and as part of the accrued advantage of upright locomotion after its initial development. Although some experiments have explored load carriage and human anatomy in an evolutionary context (Wang et al., 2002; Wang and Crompton, 2004; Duarte et al., 2012; Carvalho et al., 2013) , no studies have examined the kinetics of bipedalism during load carriage in free-ranging primates. This study, on a group of free-ranging capuchin monkeys on a large private area of land in Piauí, Brazil, addresses this and provides the first published data on all three components of ground reaction force during bipedalism in capuchin monkeys.
Only a few living primate species regularly exhibit bipedal locomotion and only humans are obligate and exclusive bipeds. When sifaka (Propithecus) and gibbons (Hylobatidae) move on the ground they are obligated to move bipedally probably as a result of their unusual anatomy associated with leaping and brachiation (Stern, 1976; Tuttle et al., 1979; Tuttle, 1981; Vereecke et al., 2005; Wunderlich et al., 2014) , although bipedalism represents a small portion of their locomotor repertoires (Gebo, 1987; Hunt, 1991) . Other primates, including chimpanzees, bonobos, macaques, capuchins, and even baboons, frequently engage in bouts of bipedal locomotion, often in the context of foraging and load carriage (e.g. Cant, 1988; Hunt, 1991; Aerts et al., 2000; Fragaszy et al., 2004b) .
Studying the mechanics of locomotion in facultative primate bipeds has produced important insight into understanding human evolution (for review see Schmitt, 2003; Berillon et al., 2011; Schmitt, 2012; D'Août et al., 2014; Daver et al., 2014; Pontzer et al., 2014) . Some of these studies have focused specifically on the ground reaction forces during bipedalism and their implications for understanding the different mechanical strategies associated with propulsion and balance during different forms of bipedal walking. In the early and middle 1970s, Kimura and colleagues collected seminal data on all three components of ground reaction forces during bipedal locomotion in humans and nonhuman primates (Kimura et al., 1977) and revealed different types of bipedal patterns including the presence or absence of a two-peaked vertical force curve and the relative duration of braking and propulsive forces. Those data were followed by additional data from Reynolds (1985) , Kimura (1985) , Yamazaki et al. (1979) and Vereecke et al. (2006) that revealed patterns associated with the center of mass movements, development of bipedalism, and the effect of a compliant foot on ground reaction forces. In addition to these studies, colleagues (2007, 2010) showed that force patterns of macaques trained over long periods to walk bipedally became more similar to those of human locomotion over time, suggesting that frequent bipedal walking modifies kinetic and kinematic patterns within the lifetime of an animal and presumably modifies the loading patterns on the limbs.
However, until recently, no study had examined bipedal locomotion in capuchin monkeys. This represented an important gap in our knowledge because capuchins frequently and skillfully adopt bipedal walking, especially in the context of load carriage (Fragaszy et al., 2004b; Visalberghi et al., 2009b; Duarte et al., 2012) . Demes and O'Neill (2013) provided the first data on vertical ground reaction forces in tufted capuchins (Sapajus sp. 1 ) moving bipedally on a terrestrial substrate. They examined freely moving animals in a laboratory setting and reported on the magnitude and shape of the vertical force curve. They noted that, unlike humans during walking, tufted capuchins exhibited a single-peaked force curve indicative of mechanical running in which the center of mass did not oscillate like an upside down pendulum as in human walking, a pattern also seen in most other terrestrial, bipedal primates. Thus, it is argued, based on the mechanical definition, that capuchins move bipedally using a 'grounded running' gait, in which there is no aerial phase of the feet, but the whole body mechanics are similar to the spring-like running gait exhibited by humans (Demes and O'Neill, 2013) . In addition, they reported that the vertical force traces "lack the impact spike that is characteristic of human walking and running with a prominent heel strike" (Demes and O'Neill, 2013: 80) . The vertical impact spike associated with the change in momentum of the effective foot mass at heel strike (Chi and Schmitt, 2005; Lieberman et al., 2010) is not seen in most other traces reported for other primates during bipedalism (Kimura et al., 1977; Kimura, 1985; Vereecke et al., 2005 Vereecke et al., , 2006 Ogihara et al., 2007; Berillon et al., 2013) . All of these authors report a single or flat peak curve, even for some chimpanzees that exhibit a heelstrike. In contrast, recent work by Pontzer et al. (2014) suggests that some chimpanzees do exhibit an impact transient (or impact spike) during bipedal locomotion, although this cannot be linked specifically to heel-strike. Thus, it may be that in some limited circumstances primates that utilize spring-like mechanics to move bipedally may also exhibit an impact transient as suggested by Pontzer et al. (2014) . Finally, regarding capuchin bipedalism, Demes and O'Neill (2013) did not provide information on brakingpropulsive or medio-lateral forces during walking, although they did incorporate such information into their center of mass analysis that revealed a compliant, grounded running gait in tufted capuchins.
At least one tufted capuchin species (Sapajus libidinosus) exhibits bipedal locomotion on terrestrial substrates primarily when carrying food or stones that they use to crack nuts (Fragaszy et al., 2004a; Visalberghi et al., 2009a Visalberghi et al., , 2013 . These stones are often very heavy, representing a significant part of their body weight, and therefore these animals make an ideal model for studying the effect of load carriage. No such data on the force patterns of nonhuman primates during load carriage exist. This is in part because up until recently it has been difficult, if not impossible, to collect biomechanical data on nonhuman primates' locomotion in the wild (see Schmitt, 2011 for review) where spontaneous, terrestrial bipedalism during load carriage occurs. While there are numerous studies on facultative bipedalism by nonhuman primates in a controlled setting (e.g. Kimura et al., 1977; Aerts et al., 2000; Nakatsukasa et al., 2004; Vereecke et al., 2006; Ogihara et al., 2007; Vereecke and Aerts, 2008; Demes, 2011; Demes and O'Neill, 2013) , including some focused on load transport (see Watson et al., 2011 for review), only two have examined primate load transport in the wild (Duarte et al., 2012; Carvalho et al., 2013) , and neither from the perspective of the forces born by the limbs. There are, however, data available on the kinetics of load transport by humans that indicate that while ground reaction forces increase proportionately to the load carried (Tilbury-Davis and Hooper, 1999; Birrell et al., 2007) vertical peak forces do not change if calculated as a ratio to total mass of the system (i.e. body mass þ load mass) (Tilbury-Davis and Hooper, 1999) . These results, however, depend on the weight of the load relative to body weight and the distribution of the load and/or the manner in which it is carried, as differences in biomechanics and energetics correlate with differences in load distribution (Hsiang and Chang, 2002; Griffin et al., 2003; Birrell and Haslam, 2008; Majumdar et al., 2010; Watson et al., 2011; McGill et al., 2013) . The largest ground reaction force effects of load transport on locomotion are seen when significant loads (~10%e15% of body mass) are carried in both arms (e.g. Hsiang and Chang, 2002) , likely because this style of load transport limits arm swing (e.g. Li et al., 2001; Umberger, 2008) . When arm swing is limited due to anterior load carriage, peak braking and propulsive forces and medio-lateral forces are increased (e.g. Birrell et al., 2007; Birrell and Haslam, 2008) . because the load is over the striking foot (e.g. Hsiang and Chang, 2002; Birrell et al., 2007; Birrell and Haslam, 2008) .
The goals of this study are to determine the ground reaction force effects during load carrying by bipedal capuchins. We hypothesize that: 1) Load carrying capuchins will continue to exhibit a single-peaked vertical reaction force indicative of a grounded running gait, 2) Peak braking/propulsive forces and medio-lateral forces will be increased relative to non-load carrying, and 3) Load carrying capuchins may occasionally exhibit an impact peak in the vertical force due to the added weight.
Materials and methods
The protocol for this study was approved by the University of Georgia IACUC and followed all applicable regulations for the humane treatment of animals in research. The ethical standards of this protocol were as stringent as the guidelines advocated by the Association for the Study of Animal Behavior (ASAB, 2012) and the International Primatological Society (IPS, 2015).
Subjects and site
Tufted capuchins (Sapajus) are primarily quadrupedal primates, with a very generalized postcranial morphology (Fleagle, 2013) . These monkeys spontaneously walk bipedally on the ground and on rigid horizontal surfaces (e.g. tree limbs) in both natural and captive settings (Fragaszy et al., 2004b) . We studied a population of wild capuchin monkeys (Sapajus libidinosus) that has been habituated to human observers and voluntarily performs bipedal locomotion on terrestrial substrates while transporting a heavy load (Visalberghi et al., 2009a; Duarte et al., 2012; Massaro et al., in review) . These monkeys crack palm nuts on stone and log anvils (Fragaszy et al., 2004a) , and they transport hammer stones to an anvil as needed (Visalberghi et al., 2009b (Visalberghi et al., , 2013 . Hammer stones used by the monkeys in this region weigh on average about 1 kg Spagnoletti et al., 2011) . The mass of these stones is~25e45% of an adult capuchin's mass, and these stones are carried with two hands in front of the animals' bodies. This wild population of S. libidinosus presents a unique opportunity to carry out an integrative study to examine the kinetics of bipedalism during load transport in a nonhuman primate belonging to a taxonomic group that is primarily arboreal, yet exhibits a range of variation in frequencies of terrestrial substrate use, bipedal behavior, and foraging behaviors that include object manipulation and, as in the case of our study population, tool transport and use. It is worth noting at the outset that the data presented here are limited because the only times in which these animals engaged in bipedalism across the force plate was when they carried a load. Capuchins move bipedally when they are not carrying heavy loads, but they do so unpredictably and thus we could not systematically record bipedal locomotion of unloaded wild monkeys. Thus our data on capuchins carrying a load bipedally will be compared with data collected by other researchers on capuchins that are moving bipedally but not carrying a load (Demes and O'Neill, 2013) .
Five members of one wild group of bearded capuchin monkeys voluntarily participated in this study (Table 1) . The study site is located in Piauí, Brazil on private property (Fazenda Boa Vista or FBV). Madden et al. (2007) and Visalberghi et al. (2009b) provide details of the region. Body masses of the subjects were obtained by the monkeys' voluntary use of a scale as described in Fragaszy et al. (2010, in press ). Briefly, an electronic platform scale was mounted to a tree and provisioned with corn kernels. When an animal voluntarily visited the scale and was stationary, a nearby researcher recorded the animal's mass. Average masses from multiple visits by each individual are reported. Adults males in this population weigh 3.4e4.4 kg; adult females, 1.7e2.2 kg (Fragaszy et al., 2010) .
The experiments took place during the early dry season in late May 2012. An area that the monkeys were known to frequent was prepared for filming and for embedding the force plate. The site contained several boulders, logs, and exposed stones used by the monkeys as anvils, and several loose stones used as hammers by the monkeys. A quartzite stone weighing 0.93 kg, elliptical in shape, that was frequently used by all the monkeys as a hammer stone was provided for use in this experiment; all other loose stones were removed from the immediate area for the duration of filming, and replaced when the research team left each day. One anvil (a log, 1 m long, 25 cm in diameter, with a level surface containing several pits where the monkeys place nuts to crack them; (Fragaszy et al., 2010) was selected for the purposes of this experiment. The monkeys were encouraged to use this anvil and to carry the hammer stone along a linear course by placing the hammer stone and a palm nut (locally collected Orbygnia spp.) 4 m from the selected anvil (closer to this anvil than any other in the area). The course the monkeys traveled was within 2 of flat and horizontal. The substrate was compacted, sandy soil free of obstructions (Fig. 1). 
Data collection and analysis
Halfway between the hammer stone and anvil, a force transducer (MC3A-250; AMTI; Watertown, MA) had been embedded in the ground (see Fig. 1 ). Briefly, this force transducer utilized strain gauge sensors (versus piezoelectric sensors) and was rated for maximum loads of 556N in the X and Y directions, and 1112N in the Z direction, with an additional capacity of 28 N-m in the X and Y moments, and 14 N-m in the Z moments. Crosstalk across the channels was less than 2%. Figure 1 . Photograph of the force transducer hole (A) and a schematic of a monkey walking from the retrieval of the hammer stone and nut towards the anvil (B).
The transducer was placed in a hole approximately 50 cm Â 25 cm x 40 cm deep, large enough to accommodate a cement block (10 kg) to which the force transducer was screwed. A 3/4 inch plywood with a rubberized surface (termed "faceplate"), just smaller than the opening of the hole (~49.5 cm Â 24.5 cm), was affixed to the top of the force transducer and camouflaged with a sprinkling of soil. The reliability of this faceplate was tested by placing known mass (10 kg), two to three times that of the mass of the monkeys and stone, on the edges of the faceplate prior to setup. The moments generated due to the size of the faceplate attached to the force transducer were within the limits of each channel. For any recording in which there was clipping of any of the signals due to the amplifier settings, the trial was not analyzed. Only steps in which a foot was fully in contact with the faceplate were analyzed.
The instrumented surface was level with the ground path of travel between the hammer stone and anvil (this was checked daily). The vertical component of the force output was calibrated daily by placing a known mass on the plate. Force data were recorded at 600 hz using MaxDaq software (Innovision systems, Columbiaville, MI). The force component data were output in volts. The force transducer was a type 2 force plate, thus the sensitivity matrix was used to convert voltage output into Newtons. Filtering was accomplished in Excel using a Visual Basic macro, with a 4th order (two-pass) Butterworth-style filter (Murphy and Robertson, 1994) . We used the same cut-off frequency for all directions, as each component force was calculated on the basis of the entire sensitivity matrix, rather than with the single coefficient. A cut-off frequency of 25hz was determined to be the optimal balance between signal distortion and noise after residual analysis of all three components (Winter, 2005) . The concrete block and force transducer were left outside, with the hole they were in being covered each night. Since it was the dry season and the transducer was built to be highly water resistant, there was no concern of fluid disrupting the electronics. The amplifier, cable, and A/D converter were attached to the force plate each day and taken in each night.
When a monkey voluntarily approached to retrieve the hammer stone and nut, the recording of the video and force transducer was initiated. The file was saved if the monkey contacted the force plate as it traveled to the anvil. Video recording and digitization methods followed those described in Duarte et al. (2012) . We video recorded the movements of each monkey from the moment it picked up the hammer stone through transport to when it reached the anvil. Two video cameras (Canon GL2) running at 30 fps were placed at oblique angles (approximately 60e90 between the cameras) to the expected line of travel of the monkeys. A dynamic wand calibration was performed prior to the experimental session. The videos from both cameras were synchronized by detecting a common event (e.g. heel strike on the force transducer). The video data were used to calculate subject velocity. Only one stride per trial was analyzed for spatiotemporal characteristics. Data processing was performed using MaxMate software (Innovision systems, Columbiaville, MI) for spatiotemporal data. The following variables were calculated from these processed data: speed, contact time, stride time, swing time, duty (contact time/stride time), vertical peak force (Vpk), Vpk as a ratio to total weight (body weight plus stone weight), peak braking, propulsive force, medial and lateral forces both as absolute values and as a ratio of total weight, and vertical, braking, propulsive, and medio-lateral duration and impulse. All values were tested for associations with speed. Table 1 presents sample and body mass data for each subject in this study. Summary descriptive force data for load transport during bipedal locomotion are presented in Table 2 . A total of 28 steps were suitable for analysis with complete contact with the force plate and steady-state movement across the plate. Subjects exhibited a wide range of walking speeds from 0.8 m/s to 2.0 m/s. Thus the sample included relatively slow and fast walking gaits. All subjects used walking gaits. No gaits with an aerial phase were included, as these did not occur regularly. The lowest duty factor was 0.5 and the highest was 0.71. The mean value was 0.63, and duty factor had an inverse relationship with speed as it does in most primate species as well as in other mammals.
Results
Mean vertical peak force as a ratio to total weight during load transport by bipedal capuchins from this study is 1.185 (sd ¼ 0.131; Table 3 ). Vertical peak force ratios showed a weak positive trend with subject velocity, although this relationship was not significant (Fig. 2a, Table 4 ). Vertical impulse ratios showed no relationship to speed as was also expected ( Table 4) .
All of the vertical force traces showed only a single peak (the "triangular form" described by Kimura et al. (1977) ) and 85% (24 of 28 steps) of the traces examined had a measurable impact peak (transient impact spike) at foot contact (Fig. 3a) . On average, the peak of the impact spike was 89% of total weight, with none exhibiting a value less than 52% of total weight (when present). The presence of an impact spike at foot contact is a consistent and significant pattern in these capuchin monkeys walking with load.
Braking propulsive forces oscillated in a fashion that was consistent with forward progression in all bipedal animals. However, braking duration was shorter than propulsive duration (Fig. 3b) , exhibiting the typical pattern reported by Kimura et al. (1977) for many nonhuman primates including chimpanzees, gibbons, Japanese macaques, hamadryas baboons, and spider monkeys. Propulsive impulses increase with speed and braking impulses decrease with speed at a shallower rate (Fig. 2b) . At relatively low speeds braking and propulsive impulses are near equal (Fig. 2b) . As speed increases, however, braking and propulsive impulses diverge, suggesting that at higher speeds some subjects may have been accelerating.
All subjects applied a lateral force to the ground (i.e. the outward force of Kimura et al. (1977) , which was found in all species studied Fig. 3c ). The lateral impulse decreases dramatically with speed (Fig. 2b) . On some occasions the animals applied a medial force during stance ( Fig. 3c ; a pattern also reported for some animals by Kimura et al. (1977) . When present, the medial impulse is always low and increases slightly with speed (Fig. 2b) . This relationship between speed and force is also reflected in the normalized medio-lateral peak forces. Both lateral peak forces and medial (when present) peak forces decrease with speed (Fig. 2a) .
Discussion
Primate locomotor evolution is characterized by a series of shifts in the relative role of the forelimbs and hindlimbs, with brachiation and obligate bipedalism being powerful examples of extreme shifting of the responsibility of locomotion to the forelimb or the hindlimb respectively (see Stern, 1976; Schmitt, 2012; Fleagle, 2013) . To date, there exists no uniformly accepted theory about what selective pressures drove the evolution of obligate bipedalism. One factor, load carriage, has been argued to be either a key selective factor in the origins of obligate bipedalism or at least a valuable advantage gained from the adoption of bipedalism, even facultatively (e.g. Hewes, 1961; Videan and McGrew, 2002; Carvalho et al., 2013) . The study presented here is the first to examine the biomechanics of naturally occurring bipedal locomotion during load carriage in a nonhuman primate in order to explore the relationship between load carriage and patterns of forces on the lower limb. Of course, it would be difficult to resolve this issue with only the data presented here, but they do enable the direct examination of ways in which load carriage influences bipedal locomotion and help to determine whether the pattern observed in capuchins has similarities to that of unloaded nonhuman primates and humans. Thus, we describe the similarities and differences between the data in this study and previous work for each force component.
Vertical component
The data collected here show that vertical forces recorded during bipedalism of capuchins carrying a load reflect force patterns similar to that recorded for other nonhuman primate species that use bipedal locomotion. For example, in 1977 and 1979, Kimura and colleagues described the triangular-shaped vertical force curves and short braking periods that characterize, with the exception of humans and chimpanzees, bipedal locomotion in primates. More recently, Demes and O'Neill (2013) described vertical peak force and curve shape in unloaded bipedal capuchins (S. apella spp.) walking in the laboratory. The capuchins in the present study are walking at comparable speeds and have peak forces for all three components of the ground reaction force normalized to body weight similar to all the species reported by Kimura et al. (1977) and those of Demes and O'Neill (2013) . The capuchins studied here match Kimura et al. (1977) "type 1" form with the single-peak force curve and relatively short braking duration. The singlepeaked force curve, also reported by Demes and O'Neill (2013) , appears to reflect the use of a relatively compliant hindlimb (Li et al., 1996; Schmitt, 1999; Demes and O'Neill, 2013) . The data, therefore, suggest that load carriage does not change the relative stiffness of the lower limb compared to unloaded bipedal walking. Load carriage, at least in these primates, does not induce humanlike walking with a relatively unyielding knee.
The capuchins in this study, however, differ from other nonhuman primate bipeds in a key way. The majority (85%) of steps recorded during load carriage in this sample showed the presence of a substantial vertical impact spike, suggesting a forceful foot Figure 3 . Summary component force data for each subject. Two subjects (Piassava and ChuChu) were not included because they each had just one trace and these included an additional partial limb, or the entire trace was not captured. Gray, dotted lines indicate each trial. Solid black line is the average value for all trails over the time period calculated using a cubic spline. Stance phase was normalized for each trial and presented as a percent of total stance (0e100%). The Y-axes are dimensionless. A. Vertical component B. Braking/ Propulsive component C. Medio-lateral component. contact at relatively high velocity, like that seen in humans (Voloshin et al., 1981; Chi and Schmitt, 2005; Lieberman et al., 2010) . Such a spike is not regularly seen in any of the vertical force traces for any of the nonhuman primate bipeds included in the Kimura et al. studies (1977 Kimura et al. studies ( , 1979 or in the chimpanzees examined by Kimura (1985) , or even in the steps recorded for the trained macaques studied by Ogihara et al. (2007) . Demes and O'Neill (2013) also report that their vertical force traces did not have the impact spike that is typical of human walking and running. The only study to report such an impact transient in bipedal, nonhuman primates is Pontzer et al. (2014) ; only some of their subjects exhibited this transient, whereas all five of our subjects exhibited it. The presence of an impact spike is generally attributed to the rapid change of momentum associated with high vertical velocities of the foot and loading rates associated with heel strike (Lieberman et al., 2010) . During extended limb load transport in humans, an increase in the magnitude of the impact spike has been reported, even with light loads (Birrell and Haslam, 2008) . While the monkeys in this study did not exhibit heel strike, they did have an impact spike in most steps and likely experienced higher rates of initial loading on their lower limb due to the increase in mass caused by load transport. These impact spikes are thought to be a source of both injury and degeneration in the lower limb of modern humans (Voloshin et al., 1981; Lieberman et al., 2010) . If load carriage induced such impact spikes in early hominins they may have needed to develop behavioral and/or anatomical mechanisms to compensate for this relatively high and rapidly applied load.
Braking/propulsive and medio-lateral components
Our study subjects alternated between braking and propulsive forces to decelerate and accelerate the center of mass. The braking/ propulsive and medio-lateral forces showed predictable patterns with speed reflecting acceleration at high speeds in the former and decreased need for stabilization in the latter as dynamic stability increased with increasing speeds. The capuchins studied here applied lateral forces to the ground to control side-to-side movements of the center of mass.
In this study, as Kimura and colleagues (1977, 1979 ) also reported, there is substantial variability in the magnitude and shape of medio-lateral forces. One source of variation is subject velocity, though it explains a relatively small portion of the variance (Table 4) . We did observe that lateral peak forces and impulses drop substantially with speed, narrowing the range of force values at higher speeds. As a result, a large portion of the extreme values for lateral forces occur at low speed and lateral peak and impulse force decreased with increased speed (Fig. 2b) . Variation in medio-lateral force magnitude also decreased with increased speed. This suggests the possibility that at higher speeds capuchins achieve a level of dynamic stability with minimal side-to-side oscillations, like a bicycle or coin rolling quickly that requires fewer applied forces. It is possible that early attempts at bipedalism, especially during load carriage, required the least effort for side-to-side stabilization at relatively high walking speeds.
Although caution is warranted in using data in this study to address the exact selective pressures driving the evolution of bipedalism, we can consider how load carriage impacts the pathway of locomotor and morphological evolution. It would appear from these data that the addition of a manual task and load carriage is associated with changes in limb mechanics and loading patterns that could impact anatomy. Studies like these that include data from movement that is not only associated with locomotor travel, but rather, as in this case, travelling with a load, provide important data and context for form-function inferences in the primate skeleton. Similarly, load patterns during pregnancy and infant carriage should be further explored in the same context to understand better the loading patterns for limb bones in primates (e.g. Wall-Scheffler et al., 2007) .
Conclusions
This study provides the first kinetic data on primate facultative bipedalism during load transport in a wild setting. It has integrated both laboratory and field methods to permit such data collection and in doing so, has not just metaphorically moved "the force plate…into the field" (Schmitt, 2011: 8) , but actually placed one there. Future work with this and other populations will permit a better understanding of the complexity of locomotion as it relates to morphology by permitting data collection in the field. The primary findings in this study confirm that grounded running gaits characterize locomotion of capuchins both with and without loads and that load carrying does not induce a change in lower limb stiffness. But the animals in this study showed a clear impact spike at foot contact, a pattern not reported for any other nonhuman primate or in capuchins not carrying a load. This finding suggests that load carriage may increase landing forces and generate a measurable impact spike that would have an impact on lower limb anatomy in the earliest hominin bipeds.
